Alternative splicing at position 3495 b yields SERCA2 (sarco/ endoplasmic reticulum Ca 2+ pump 2) RNA species, namely SERCA2a and SERCA2b which differ in 3 -end regions. This results in SERCA2b RNA being less stable. In vitro decay experiments show that, in the presence of protein extracts from nuclei of LVMs (left ventricular myocytes), the rate of decay of both SERCA2b RNA and synthetic RNA from its 3 -region is greater than that of the corresponding SERCA2a RNA. To search for cisacting instability elements in the 3 -region of SERCA2b, we examined the effects of LVM nuclear protein extracts on the in vitro decay of six short overlapping capped [m 7 G(5 )ppp(5 )Gm] and polyadenylated (A 40 ) RNA fragments from the 3 -end region (3444-4472) of SERCA2b. The proximal fragment 2B1 (3444-3753) was the most unstable. 2B1 RNA without a cap or a polyadenylated tail was analysed further in electrophoretic mobilityshift assays, and was observed to bind to protein(s) in the nuclear extracts. Based on competition for binding to nuclear proteins between radiolabelled 2B1 RNA and short unlabelled RNA fragments, the cis-acting element involved in this binding was the sequence 2B1-4. 2B1-4 is a 35-base (3521-3555, CCAGUCCUG-CUCGUUGUGGGCGUGCACCGAGGGGG) GC-rich region just past the splice site (3495). Nuclear extracts decreased the electrophoretic mobility of the radiolabelled 2B1-4 RNA which bound to two proteins (19 and 21 kDa) in cross-linking experiments. Excess 2B1-4 RNA decreased the decay of the 2B1 RNA by the nuclear protein extract. 2B1-del 4 RNA (2B1 with the 2B1-4 domain deleted) also decayed more slowly than the control 2B1 RNA. Thus SERCA2b contains a novel GC-rich cis-acting element involved in its decay by nuclear proteins.
INTRODUCTION
Intracellular calcium ions (Ca 2+ ) are a key second messenger, thus regulation of intracellular Ca 2+ concentration is essential in many cellular processes [1] . One means of controlling this concentration is by sequestering Ca 2+ into the sarcoplasmic reticulum via SERCA (sarco/endoplasmic reticulum Ca 2+ ATPase) pumps [2] . Genes SERCA1, 2 and 3 encode the pump proteins: SERCA1 is expressed mainly in fast-twitch skeletal muscle, SERCA2 in most tissues and SERCA3 in specialized epithelial cells [2] [3] [4] . All three SERCA genes encode more than one protein isoform owing to alternative splicing. The human SERCA2 gene, for example, is made up of 25 exons, of which the four terminal exons are alternatively spliced to produce SERCA2a, SERCA2b and two additional low-abundant RNA species [5] . SERCA2a mRNA includes exons 1-21 and 25, and encodes a protein of 997 amino acids, generated by splicing of an optional intron in the 3 -end of the mRNA. SERCA2b includes exons 1-22, which encode a protein of 1042 residues [6, 7] . Thus the initial 3495 bases, including the 5 -UTR (untranslated region) and encoding the first 993 amino acids, are common between SERCA2a and 2b. The remaining amino acids of their respective proteins and the 3 -UTR of their mRNA are isoform-specific.
The level of expression of any gene can be modulated at several steps, including mRNA export and decay [8] [9] [10] . There appears to be a number of regulatory elements for these steps, including specific sequences within the RNA itself (cis-acting elements) and proteins which bind the RNA (trans-acting factors) [9] [10] [11] [12] [13] [14] . Sequences throughout the mRNA and proteins may contribute to the rate of mRNA degradation, but the poly(A + ) (polyadenylated) tail and 3 -UTR are probably the most important regions of RNA for regulating its stability [15] [16] [17] [18] [19] . The sequences controlling RNA decay may include RNA stability or instability elements.
The cis-acting elements do not act alone in controlling the RNA stability: RNA stability is controlled by the interaction between the cis-acting elements and proteins (or trans-acting factors) that bind them. A number of stabilizing and destabilizing proteins have been reported [20] [21] [22] . The types of cis-acting elements and trans-acting factors involved and RNA-decay kinetics have been reviewed [10, 17, 22] . SERCA2b mRNA decays more rapidly than SERCA2a. Protein extracts from nuclei of LVMs (left ventricular myocytes) are more effective in producing the in vitro decay of SERCA2b RNA than those from cytoplasm [23] . This difference in the decay has been observed when tissue RNA or synthetic RNA fragments corresponding to the unique 3 -region of SERCA2 (bases 3444-4472) were used. This difference in the decay between SERCA2a and SERCA2b using nuclear extracts was observed whether one used extracts from LVMs or stomach smooth muscle, but the LVM extracts were more effective. Thus the 3 -end region of SERCA2b RNA contains cis-acting instability elements that are responsible for its decay by nuclear proteins. In the present study, we analysed the 3 -region of SERCA2b for the cis-acting sequences that may play a role in the decay.
MATERIALS AND METHODS

Template construction and in vitro transcription
Rabbit SERCA2b sequences correspond to a numbering system that starts from the first base in the 5 -UTR as 1, with the Abbreviations used: G3PDH, glyceraldehyde-3-phosphate dehydrogenase; LVM, left ventricular myocyte; poly(A + ), polyadenylated; SERCA, sarco/ endoplasmic reticulum Ca 2+ ATPase; UTR, untranslated region. 1 To whom correspondence should be addressed (email groverak@mcmaster.ca).
translation initiation codon being at 516 (GenBank ® accession number X52496). The cDNA sequence from bp 241 to 389 of G3PDH (glyceraldehyde-3-phosphate dehydrogenase) was used (GenBank ® accession number L23961.1). The expected size of the fragment is 147 bases. DNA templates for in vitro transcription reactions were constructed by PCR with the appropriate primers from plasmids containing rabbit cDNA [6] . The SP6 RNA polymerase site was included in each template using extended primers during a second round of PCR. The templates used for RNA synthesis in the in vitro decay assays were made by PCR using extended downstream primers containing dT 40 
In vitro decay assay
Protein extracts from LVM nuclei were prepared from 2-day-old rabbits, and were stored as described earlier [23] . In vitro decay assays were conducted and analysed by gel electrophoresis as described previously [23] . Typically, 5 ng of 33 P-labelled RNA was incubated with 25 µg of the protein extracts for 0-30 min at 37
• C in a reaction buffer containing 10 mM Mops/NaOH (pH 7.2), 200 mM NaCl, 2.5 mM magnesium acetate, 1 mM ATP, 0.1 mM spermine, 2 mM dithiothreitol and 1 unit/µl RNAguard (Amersham Biosciences). Intensity of the bands was determined using the ImageQuant software, and the mean of three background intensities obtained from the same gel was subtracted. Each time point for each RNA was repeated in duplicate on each gel, and the mean intensity of these two bands was calculated. Relative RNA remaining over the time course was determined by assuming the RNA intensity at zero time to be 100 %, and expressing the intensities of each band average relative to this. Decay rates were then calculated for each experiment using the 
Electrophoretic mobility-shift assay
Electrophoretic mobility-shift assays were performed as described previously [24] , with minor modifications. Briefly, for protein concentration curves, 0-25 µg of protein was pre-incubated on ice for 30 min with the binding buffer containing 10 mM Hepes/ NaOH (pH 7.6), 40 mM KCl, 3 mM MgCl 2 , 2 mM dithiothreitol, 10 % (v/v) glycerol and 0.1 % (v/v) Nonidet P40, with 13 units of RNasin (Promega, Madison, WI, U.S.A.), 6.5 units of SUPERasin (Ambion) and 9 units of RNAguard (Amersham Biosciences). Yeast tRNA (750 ng) was added as a competitor, and the incubation was continued on ice for another 15 min. Radiolabelled sense RNA (5 ng) was added, and the samples were incubated for an additional 15 min on ice. Samples were then electrophoresed in 4 % or 6 % non-denaturing acrylamide gels containing 0.4× Tris/borate/EDTA buffer. In competitive mobility-shift experiments, the tRNA was replaced with the specified concentrations of the unlabelled fragments of the same RNA, RNA oligonucleotides, poly(C) RNA, poly(U) RNA or poly(A) RNA. The DNA fragment containing an SP6 polymerase site and the 35-bp fragment 2B1-4 (3521-3555), synthesized by Dharmacon, was endlabelled using [
33 P]ATP. RNA was precipitated with ammonium acetate and ethanol to remove the bulk of the unincorporated radioactivity.
Cross-linking experiments
UV cross-linking assays with the radiolabelled fragment 2B1-4 were performed as described previously [24] , with minor modifications. Briefly, LVM nuclear protein extract (8 µg of protein/ 20 µl) was pre-incubated on ice for 15 min with the binding buffer containing 10 mM Hepes/NaOH (pH 7.6), 40 mM NaCl, 3 mM MgCl 2 , 2 mM dithiothreitol, 10 % (v/v) glycerol, 0.1 % (v/v) Nonidet P40 and 13 units of RNasin. Each of yeast tRNA, poly(U) RNA and poly(C) RNA was added (750 ng), and the samples were incubated for another 30 min. Radiolabelled sense RNA (2 ng) was added, and the samples were incubated for an additional 15 min. After the incubation, while still on ice, the samples were irradiated with 2.4 mJ/cm 2 of UV light using a Hoeffer UVC ultraviolet cross-linker (Amersham Biosciences). The samples were then treated with 25 µg of RNase A1 and 25 units of RNase T1 at 37
• C for 30 min. The samples were then dissolved in a SDS/ PAGE sample buffer and electrophoresed in Tris/glycine-based 4-20 % acrylamide (Bio-Rad, Missisauga, Canada). The gels were dried and examined using a PhosphorImager. Molecular masses of the bands were estimated using a low-molecular-mass pre-stained rainbow protein marker (Fermentas, Burlington, Canada).
RESULTS
In vitro decay of SERCA2b 3 -region RNA fragments
To span the full length of the SERCA2b 3 -region (3444-4472), we constructed six overlapping fragments (2B1-2B6; Figure 1A ). Each RNA fragment was capped at the 5 -end with a 5 -m 7 G(5 )-ppp(5 )Gm cap analogue and extended at the 3 -end with a 40-base poly(A + ) tail. Representative images for the decay of 2B1-2B6 RNA fragments in the presence of 25 µg of nuclear extract protein are shown in Figure 1(B) . A summary of decay constants of such fragments 2B1-2B6 and G3PDH RNA from three to five experiments is shown in Figure 1 (C). Based on a one-way ANOVA of the 2B fragments, 2B1 was the least stable, and 2B2 was more stable than all the others (P < 0.05). The overall order of decay constants appeared to be 2B1 > 2B3 > 2B5 > 2B4 > 2B6 > 2B2. The segment of G3PDH RNA used as a control was significantly more stable than any of the 2B fragments (P < 0.05).
Defining a sequence element in fragment 2B1 by electrophoretic mobility-shift assay
Since the RNA fragment 2B1 was the least stable, we then set out to define a minimal cis-acting sequence that would bind to proteins extracted from LVM nuclei. Since protein binding to the 5 -cap and the 3 -poly(A + ) tail would make the results on binding to other domains difficult to interpret, 2B1 RNA without these was synthesized and incubated with proteins extracted from LVM nuclei. This incubation decreased the electrophoretic mobility of the RNA in a protein-concentration-dependent manner (Figure 2A) , and resulted in two types of complexes: one with a lower molecular mass and another with a higher one. However, the bands observed for these complexes were somewhat diffuse and hence lower in intensity. To test whether the lower intensity corresponded to RNA degradation, we measured the total intensity of all the RNA in each lane. There was no correlation between the total intensity in each lane and the amount of protein (r 2 = 0.0006, P > 0.05), indicating that the lower intensity of the diffuse bands did not represent RNA degradation. Diffuse bands in such experiments may be due to loss of RNA from the RNA-protein complexes, since the binding may not be very tight. Such complexes have been reported previously in the literature [32] . Experiments using radiolabelled 2B1 showed that excess unlabelled 2B1 RNA (Figure 2C To define a minimal cis-acting sequence that would bind to proteins extracted from LVM nuclei, we examined the competition between radiolabelled 2B1 RNA and several small synthetic RNA fragments. We determined the mobility shift of radiolabelled 2B1 RNA in the presence of 12 overlapping 35 base RNA fragments, 2B1-1 to 2B1-12, together covering the full sequence of 2B1 (see the schematic diagram of Figure 3B ). Only the fragment 2B1-4 (3521-3555, CCAGUCCUGCUCGUUGUGGGCGUGCACC-GAGGGGG) was able to reverse the shift ( Figure 3A) . The fragment 2B1-3 contains the initial ten bases of 2B1-4, and 2B1-5 contains the last ten bases. Neither reversed the mobility shift of 2B1 by the LVM nuclear proteins ( Figure 3A) . Results of these and additional RNA fragments used are summarized in Figure 3(B) . These included 2B1-4S that contained the middle 15 bases (3531-3545: UCGUUGUGGGCGUGC) of 2B1-4, and 2B1-4S2 that contained the last ten bases of 2B1-4 and five additional ones (Figure 3B) . Neither reversed the mobility shift of 2B-1. Thus the minimal element resides within the 35-base GC rich sequence 3521-3555 and is longer than the middle 15 bases.
We next radiolabelled the 35-base RNA fragment 2B1-4, and examined if it would bind to proteins extracted from the LVM nuclei ( Figure 4A ). Protein binding to 2B1-4 resulted in two bands of slower mobility, a pattern not that different from that obtained with the 2B1 RNA. To characterize this binding further, we conducted competition experiments with unlabelled RNA. Excess 2B1-4 decreased the mobility shift as anticipated ( Figure 4A ). Unlabelled 2B1 RNA that contains this sequence also reversed the shift of 2B1-4. Neither the RNA fragments 2B1-3 and 2B1-5 ( Figure 4A ) nor poly(U) or poly(C) RNA (results not shown) reversed the mobility shift of 2B1-4. The fragments 2B1-3 (GUA-AAGAGUGUGUGCAGCCUGCCCCCCAGUCCUGC) and 2B1-5 (ACCGAGGGGGUCUCCUGGCCGUUUGUGCUGCU-CAU) are also GC-rich, like the fragment 2B1-4. Their failure to reverse the mobility shift of 2B1-4 indicates that a specific sequence, rather than a general GC-rich domain, is involved. We confirmed these results by UV cross-linking of 2B1-4 (radiolabelled at bases C and U) with the LVM nuclear protein extracts. Whereas no band was observed in the absence of the LVM protein, incubation with the protein resulted in two bands: one at 19 + − 1 kDa and another at 21 + − 1 kDa. Including excess unlabelled 2B1-4 abolished these bands, indicating that the binding is saturable. Excess unlabelled 2B1-3 or 2B1-5 did not affect the appearance of these bands, confirming the specificity of the binding. Consistent with the mobility-shift experiments, excess unlabelled 2B1-4S also did not affect the appearance of these bands (results not shown).
The mobility-shift experiments showed that the 2B1 RNA (Figures 2 and 3A) and the fragment 2B1-4 ( Figure 4A ) bound to two proteins. Molecular masses of these bands cannot be determined because non-denaturing gels were used in which the protein mobility depends on charge/mass ratio, rather than on mass alone. The UV cross-linking experiment with the fragment 2B1-4, where denaturing gels were used, gave two bands: at 19 and 21 kDa ( Figure 4B ). These data do not allow one to determine if the two bands seen in the mobility-shift experiments are simply oligomers of different sizes or if two proteins with different charge/mass ratio are involved. In any event, these data in the mobility-shift and the cross-linking experiments are consistent with the conclusion that two protein species bind to 2B1 RNA. 
Role of 2B1-4 in the decay of 2B1
To examine the role of the cis-acting sequence 2B1-4, we conducted two types of experiments. The first experiment was to test whether including excess unlabelled 2B1-4 RNA in the decay reaction would bind the destabilizing protein and thereby protect the radiolabelled 2B1 RNA [capped and poly(A + ) as in Figure 1 ] from decay. As expected, the decay of 2B1 RNA was slower in the presence of excess 2B1-4 RNA ( Figure 5 ). 2B1-3 RNA, which is also GC-rich, was used as a negative control. Consistent with the requirement of a sequence specificity, 2B1-3 RNA did not alter the decay of 2B1. The second experiment tested whether the presence of the 2B1-4 sequence in 2B1 RNA was required for the faster decay. If so, 2B1-del 4, an RNA with the 2B1-4 sequence deleted from 2B1 would decay less rapidly than the 2B1 RNA. The decay of 2B1-del 4 was slower than that of 2B1 (Figure 6 ), consistent with a destabilizing role for the identified cis-acting element.
Thus, in the presence of nuclear protein extracts from LVM, there may be several unstable regions in the 3 -region of the SERCA2b mRNA, with the region 2B1 being the least stable. We showed 2B1-4, a 35-base GC-rich cis-acting element to be involved in binding to the proteins from the nuclear extracts, and demonstrated its role as a destabilizing sequence.
DISCUSSION
The Discussion will focus on the validity of the methods used, future directions and possible implications of these results.
Several sequences that influence mRNA stability have already been discovered. The AU-rich pentamer, AUUUA, and nonamer, UUAUUUA(U/A)(U/A), act when clustered or overlapping in the 3 -UTR to destabilize mRNA for many different messages [16] [17] [18] [19] 22, 25, 26] . Some theories of their physiological function include attracting the poly(A)-binding protein away from its protective binding at the poly(A + ) tail, or increasing RNA degradation by binding to specific AU-binding proteins, such as AUF1 [AU-rich element/poly(U)-binding/degradation factor] or HuR [27, 28] . Analysis of the 3 -region sequences of both SERCA2a and 2b RNA show the occurrence of several of the known cis-acting elements. The 3 -region in both SERCA2a (57.5 %) and SERCA2b (60.5 %) is slightly AU-rich. SERCA2b contains the sequence AUUUA at 4060 and 4342; however, these motifs are not clustered or overlapping. The SERCA2b sequence also contains an unusually large number of novel repeats. repeats, but is, in fact, GC-rich. This sequence is part of the coding region past the alternative splice site, making it unique to SERCA2b. The present study focused on decay by nuclear proteins from LVM, primarily because we found the greatest difference in decay rates of SERCA2a and SERCA2b in these extracts [23] . Much of the literature that is focused on mRNA decay deals with cytoplasmic decay, but more recently the importance of nuclear decay is being recognized [29] . The unique sequence observed here might be novel for this reason.
The fragment 2B2 was stable, but it also gave a mobility shift with the nuclear protein extracts (results not shown). Whether this binding occurred to the same protein as the 2B1 is not known. Although we examined fragment 2B1 in greater detail, the decay and binding data of the remaining fragments also play a role in the RNA decay, particularly the fragment 2B3, which may involve a different cis-acting element. Fragment 2B2 was relatively stable, but downstream fragments showed faster decay, thus an interaction between the 2B1-4 sequence in the coding domain and those further downstream in the 3 -UTR may control the rate of decay of SERCA2b mRNA. A similar relationship between coding region elements and protein binding in the 3 -UTR has already been demonstrated in c-myc and c-fos [30, 31] . In addition, the present study of SERCA2b stability in extracts from non-native tissue allows for many other interesting cis-and trans-acting elements to be studied in the future.
We have identified a novel sequence unique to SERCA2b that is able to bind a protein in LVM nuclear extracts. Since rates of transcription of SERCA are similar in tissues that express SERCA2a and SERCA2b mRNA, and it is the RNA degradation by nuclear factors that leads to the difference in their SERCA2 RNA abundance, we conjecture that these cis-acting elements, along with the tissue-specific protein factors may form a developmental control of level of expression of the RNA. This supports our hypothesis that alternative splicing may influence mRNA stability and, subsequently, the level of protein expression. In conjunction with our previous work [23] , this also confirms the importance of both isoform-specific sequences and tissue-specific protein factors in the control of SERCA2 stability via the 3 -region.
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